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EZPEBIMENTAL AND ANALrTIW INVXSTIGATION OF AN ACCELERATION 

By Paul M. StigUc, Herbert He-ppler, and  David  Novik 

SUMMARY 

An acceleration  control  that  operates on fuel  flow  and  uses di- 
rectly  measured  acceleration  as  the  control signal was applied  to an 
axial-flow  turbojet  engine. This control  limited  and  regulated  accel- 

feasibility  and  dynamic  characteristics of this control was undertaken. 
1 eration in accordance  to a preset  schedule. A study t o  determine  the 

7 
u. Three  tspes of control  action,  integral,  proportional-plus-integral, 
0 

and  proportional, were used and studied.  Open- and closed-loop  studies 
of each  control  system  were-made to determine  SGbility,  droop,  and 
overshoot  characteristics.  The  effect of the noisy  acceleration  signal 
on the  controls  operation was studied. 

The control  operated  quite w e l l  uith  integral  and  proportional- 
plus-integral  control  actions  and  operated  unsatisfactory  with  propor- 
tional  actions. 

With  the  use of integral or proportional-plus-integral  control  ac- 
tions,  the  control  limited  and  regulated  acceleration.  These  control 
actions  were  not  hampered by the  noisy  acceleration  signal and each 
showed  identical  droops  that  could  be  accurately  predicted  and  did  not 
seriously  affect  the  control  accuracy.  Howevep,  the  proportional-plus- 
integr.al  control  action  showed a SmEtller  overshoot  and an ability  to 
remain  stable  at  higher loop gains  than a d  the  integral  action. 

With  proportional  control  action,  the  control  acted  as an accelera- 
tion  limiter only, showed  undesirable  droop  characteristics, and was se- 
riously w e r e d  by the noisy acceleration signal. 

.r INTFiODUCTION 

In order  to  change  thrust  level  quickly,  by means of  speed, a tur- 
bojet  engine must be accelerated f r a n  one  rotor  speed  to  another  in  the b 
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shortest  time  possible. PrevioUs iwestiga'kions  have  shown the regian 
of maximum rotor  acceleration  to  be  located on the  stall  line  through- 
out  the  operating  range  (ref. 1). The  problem  with  respect  to  control 
design is accelerating  the  engine  at  the maximum rate  without  encoun- 
tering  surge,  stall,  or  overtemperature. T h i s  can be done i n  two  gen- 
eral  ways: 

(1) Schedules  that  limit  engine  variables  such  as f'uel flow,  accel- 

(2) Optinaalizing  techniques  that  require  some signal frm the en- ; 
eration,  compressor  discharge  pressure, or temperature 

c 

gine  to warn of Impending  stall  or  surge 

Although  the  optimalizer  technique may not require  altitude  or en- 
gine  deterioration  correction  and  could  utilize maximum engine  acceler- 
ation  potential, no usable signal for  its  operation has yet  been  estab- 
lished  (ref. 2). 

The purpose of this  investigation  is  to  study the aynamic  charac- 
teristics  and  operating  problems  associated  with a schedule-type  control 
using  directly  measured  acceleration  as  the  control  signal. An advan- 
tage of an acceleration  control  over  most of those  using  other englne s 
parameters  is  the  Large margin that  exists  between  the  steady-state ac- 
celeration  (zero) m d  the maximum value  at  the stall line. This margin 
represents  the  safe  operating  region  of  the  engine. 

L 

A plot  of  the  margin of a particular  turbojet  ccPnpressor-d.lschwge 
pressure  against  speed  is  presented in figure l(a). Data  for  this  plot 
were  obtained fkcun reference 3. The  margin  is  less than I pound  per 
square  inch  at  speed3  below 48 percent and less than 3 pounds per square 
inch  at all speeds  below 65 percent  rated.  Within  this mall. margin, 
allowance  must  be made for-  engine  deterioration,  production  deviation, 
inlet  distortion,  and sensing instrumentation  errors.  The margin s h m  
in  figure l(a) would  be  difficult  to work with  because  it  is  such a 
smal l  percentage  of  the  pressure being sensed. For exmple, if the 
sensing  instrument  were  accurate  to  within 1 percent,  the margin at 60 
percent  speed would have  to  be  reduced 15 percent  to cqensate for  this 
error.  Allowance  for  these  various  factors  can limit the  already small 
margin and seriously hamper the  effectiveness of the  control. 

Control  schemes usfng tailpipe  or  turbine-inlet tqerature are 
also hampered by a n a r r o w .  operating niarg5ri. In addition, a temperature 
control  must  somehow  compemate  for  the  thermocouple  dynamics  that  would 
cmplicate  the  control and reduce  its reubility. Problems of tempera- 
ture  controls are discussed  in  reference 4. 

. .. - 
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The  variation  of  acceleration margin with  speed  of  the  same  engine 
is  shown  in  figure l ( b ) .  Data for  this  plot was taken frm reference 1. 
From figure l(b) , the margin is  never  less- than 300 revolutions  per min- 
ute  per  second  over  the  range shown. An error of 1 percent in the  sens- 
ing  instrumentation  would d e  it  necessary  to  reduce  the  margin only 1 
percent t o  compensate  for this error.  Allowances  for  all  other  correc- 
tions  necessary in the  pressure  schedule of figure l(a) woula also  have 
to  be made with  the  acceleration  schedule;  but, with such a b g e  margin 
available  and  with  less of the =@;in consumed  with  sensing  instrumen-ta- 
tion  errors,  more of the  accelerating  potential  of  the  engine  could  be 
utilized. 

Since  the  purpose  of  this  investigation'ms  to  study  dynamic char- 
acteristics and operathg problems  of  the  acceleration  control, an op- 
timum schedule,  such  as the one  shown in figure l(b), was not incorpo- 
rated in the  control.  For  simplicity, a schedule that was constant  with 
speed was used. A l s o  for  simplicity, no provision was made  to  prevent 
overtemperature  operation. 

The  basic  difficulty  of  using  acceleration in the past has been  its 
measurement. A speed  sensor is used  and  its  output  differentiated.  Dif- 
ferentiation has the  undesirable  characteristic  of  amplirying high fie- 
quency  cmponents  of an incoming  signal and greatly  reducing  the  output 
signal to  noise  ratio. This noise  can  be e-ted by filtering  the 
output,  but  the  dynamics of these  filters  appear as lags in the  control 
loop.  These lggs Fg-afPect the  accuracy and stability  of  the  control. 
During  this  investigation,  filtering was held to a minimum and the  ef- 
fectiveness  of  the  control  operating  with  some  noise  still on the  sig- 
nal was observed. 

a 
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SYMBOLS 

The  following synibols are  used in this report: 

dead  time,  sec 

capacitive  ccanponent 

rate  of  input signal ramp,  v/sec 

magnitude  of desired setting, v 

voltage, v 

loop gain of  control 

Imaginary  number 
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Kb 

K, 

Ke 

transfer  function  of  speed  measuring  system, v/rpm 

gain  of  the  control-action  circuit 

proportional  gain 

gain of N, signal through subtractor  network  wbere 
K1 = R 7 b s  

gain  of N, signal  through  subtractor  network  where 
KZ = R7/Rs 

engine  speed, rpm 

acceleration,  qm/sec 

N 

N 

P 

R 

T 

potentiometer  setting 

resistive  component, ohms 

Laplacim operator S 

t time,  sec 

&el  flow,  lb/sec Wf 

time  constant of differentiator,  sec ‘d 

engine  time  constant,  sec re 

‘f time  constant of filter,  sec 

time constant of integrator, sec 

time  constant of stabilizing lag in derivative  circuit, 
~jec 
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Subscripts: 

m measured 

S set 

1,2,3 . . . designation of resistor,  potentiometer,  or  capacitor from 
figure 6 

DESCRIF'TION OF CONTROL SYSTEM 

A block  diagram of the  control loop is  shown in figure 2. Adder, 
filter,  derivative  network,  subtractor,  acceleration  schedule,  control 
action,  and  ramp  generator  circuits  were  set  up on an electronic  can- 
puter  and  wired  into  their  proper  positions in the  loop. 

The  level  setting  shown  at  the  adder of figure 2 is a part of the 
fuel-valve  servo and is  used to set  the  initial  steady-state  speed. The 
throttle  is simply a switch which, when  closed,  sends a step-shaped  sig- 
nal to  the ramp generator.  The razl~p generator cowerts the  step  to a 
ramp that  limits  at  some  preset  value.  The ramp effects an increase in 
fuel flow which  causes  the  engine  to  accelerate  to sane new steady-state 
speed. . . ." . 

Basically,  the  control w i J 2  start  to  operate only after  the  sched- 
uled  acceleration has been  exceeded. A diode  switch  maintains  the  con- 
trol  inoperative  until  the  error  signal  became6  positive,  indicating  the 
scheduled  acceleration bas been  exceeded. The control  action  then sends 
a negative  signal  to  the adder which  reduces  fuel  flow  and,  consequently, 
the  measured  acceleration G. The  control  remains  in  operation  until 
the  output  of  the  control  action  circuit  returns  to  zero,  at  wbich  point 
the  diode  switch  again  renders  it  inoperative. 

Three  basic  types  of  control  action,  integral,  proportional, and 
proportional-plus-integral, were used in the  investigation. 

With  integral  control  action ~ / T ~ S ,  the  control  acted  like a can- 
bination  limiter  and  regulator. It w&s a limiter  because  'the  diode 
would not  allow  it  to  operate  until  the  scheduled  acceleration was first 
reached  and was a regulator  because  it  attempted  to  maintain  accelera- 
tion  at a set  value  for a period of time.  The  regulating  action  comes 
about  because  the  output of the  control  action  is  the  integral of the 
error  with  respect  to  time and the  control  renvsins  in  action  until  this 
output  reaches  zero.  When  the  desired  acceleration  is  exceeded,  the 
output .of the  control  action  beccgnes  increasingly  negative, which will 
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subtract fuel and reduce acceleration. When the  error then goes  nega- 
t ive  (& too small), .. . .. the  output - . " of " the  control . . . . . . . . . . action " becomes- less - P 

negative, which effectively  increases fuel flow and increases  accelera- 
t ion.  The time constant of the  integral  control  action Ti was s e t  a t  
0.25 second for  the  entire program. 

. " - -. - 

With proportional-plus-integral  control  a'ction $ + -, L the con- 
TiS 

t r o l  was again a limiter-regulator combination and i ts  basic  operation 
was exactly  the same as  for  integral  control  action. 

With proportional  control  action E;.p, the control was a L h i t e r  
only. When the error  goes t o  zero a t  anytime, the  control-action art- 
put goes t o  zero and is switched out of action because the output of 
the control  action  (fig. 2) is now simply a constant times b e  input. 
This means that control  action will be maintained only when & is  
greater  than  the  set  .acceleration. Ns. 

Fuel System 

The fuel  system i s  s h ~ m  in  figure 3. The f'uel valve used was a 
reducing-type  differential-pressure  regulator which maintained a con- 
stant  pressure drop across  the  throttle. The thro t t le  is actuated by 
an  electro-hydraulic servomotor. Response  of the  throt t le  t o  an lnpt 
signal is  essentially flat t o  20 cycles per second and, w i t h  the 
amplifier-gain setting used,  resonated a t  about 60 cycles per second 
( re f .  5 ) .  For analytical purposes the fuel-valve  transfer  function was. 
taken as a constant and designated q. 

The engine selected for the  investigation was an axial-flow turbo- 
j e t .  The response of speed t o  Fuel of a turbojet engine wLthin i t s  l i n -  
ear operating range i s  a first order lag and is  written  as 

AN K, 
= I + zes 

In addition, a dead tlme has been found t o  exis t  between fuel flow 
and speed i n  a turbojet  engine. Tbis dead time is thought t o  be can- 
posed of transport time required by the f'uel system and combustion Lags. 
Figure 4 i l lus t ra tes  this dead time of the engine tes ted   a t  two engine 
speeds. In figure 4(a), the engine is subject  to  step  input  in f'uel 
f low as indicated by the fuel-valve  position  €?%%-but engine speed 

. 
d 
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does not respond un t i l  0.040 second later. In figure  4(b), which was 
run at a lower engine  speed  and  used a smaller step, a 0.040-second 
dead time is again  detectable. In order t o  properly  account  for this 

- 
dead time, the transfer  function 

AN 
q 

of speed t o  fuel flow is written as 

Eo where a i s  the dead time. . 

$ 
M Engine characteristics  pertinent t o  equation (1) are presented i n  

figure 5. Figures  5(a) and (b) are the speed to fuel flow gain and en- 
gine  time  constant  plots,  both  plotted against engine speed. Figure 
5(c) is the r a t i o  of engine gain to  engine tFme constant, also plotted 
against speed, The significance of figure 5(c) i s  tha-t the amplitude 
response of speed t o  fuel f low a t  all frequencies  higher than the  break 
f’reguency, detemined by ‘re, is a function of the   ra t io  of engine gain 
t o  time constant.  Figure 5(c) shows a peak at  about 75 percent  rated 
engine speed, a t  wbich point a control  for speed or  acceleration on this 
engine would be most l ikely t o  became unstable. 

“ 

- 
The engine ut i l ized a flow divider c d i n e d  with large- and small- 

s l o t  manifolds in its fuel system. Difficulty was encountered wlth this 
system i n  that the  large-slot manifold would drain when not i n  use and 
would have t o  be f i l led before  supplying fue l   t o  the engine. At the 
point where the manifold i s  filled, the engine  receives a sudden in- 
crease i n  fuel and a n .  overshoot in  acceleration results. 

Speed  Measuring Circuit 

A tachometer - pulse-counter conibination was used that produced a 
direct-current  voltage  proportional t o  engine speed. The manufacturer’s 
manual gives a response t h e  of 1 millisecond which, i f  thought of as 
the first order tFme constant of the system, yields a frequency  response 
f la t  t o  160 cycles  per second. For analytical  purposes i t s  transfer 
function was taken as the constant I$,. 

Differentiator 

The differentiator  circuit  was set up on the  cmputer and i t s  
Tds 

* transfer  function i s  ~ Tss. The lag in the denminator i s  necessary 
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F i l t e r  

.Iter was a first order lag + TnS . The value for T~ was 1 The f i  
I 

Set a t  0.10 second for a l l  the  control  actions and was held  constant 
during the entirer  investigation. 

4 

A c i rcu i t  dia& of the  control loop i s  shown i n  figure 6. The 
circuits  for  the f'uel valve and speed sensing have been omitted for 
simplicity. The control  action shown is p r o p o r t l o n a l - p l u s - i n ~ ~ l .  
Integral  control  action was obtained by short circuit ing  resistor R l O ,  
proportional  action by short circuiting  capacitor Cg. The acceleration 
schedule N, i s  varied by potentiometer Pl, whereas loop  gain is se t  
by p2- 

Loop gain is  the product of a l l  the terms in the open-loop transfer 
function that are independent of frequency. The loop gains for the con- 
t r o l s  used i n  this investigation were derived as follows: 

Referring t o  figure 6 ,  

Assuming a sine wave input, and l e t t ing  

equation (2) can be rewritten as 

Open- 
loop 
response 

c 

c 
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Analytical  expressions for loop gain for  various  control schemes can now 

be written as 
- be obtained. Using integral  control  action Ti = R8C3 equation (3) can 

W S K b T d K 1  where 
zip2 

is the  expression  for  loop  gain. The response of the 

open loqp a t  zero frequency will be equal to   the  loop gain  using inte- 
g r a l  control  action. 

If the  control i s  made proportional-plus-integral, the control- 

action  transfer  function is where % = Rlo/Rg and the 

open loop response is 

Open- 

response 

r+IGp - 

- 
U 
I K F e % T d K 1  + TiEipjLD) 
> -  > loop =( Tip2 )[&(I 4- T e & ) ( l  4- T f , @ ] ( 1  3. T g B  

where the f i rs t  term is again the loop gain and i s  the same as for  the 
integral  control. 

If the control i s  made proportional only, equation (3) can be 
written as: 

where the f irst  term is again the loqp gain. Here the open-loop re- 
sponse a t  zero  frequency i s  zero. 

The engine gain K, varies a great deal with speed (fig.  5 ( a )  ) . 
Since the loop gain  expressions  contain only two variables, K, and 
P2, loop  gain will v&ly with speed in  the same manner as the engine 
gain  in  figure 5(a) a t  any constant ~2 sett ing.  Figure 7 is a plot  
fo r  proportional-plus-integral and integral  control  actions showing 
loop gain as a function of speed and P2 setting. The effect of the 

discussed i n  RESULTS AND DISWSSION. 
* change of loop gain with  engine  speed on the  control systems will be 
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TEST PROCEDURF: - 
All t e s t  runs were  begun a t  63 percent  rated  speed-with the con- 

t r o l  inoperative. The i n i t i a l  speed was determined by the  level  setting 
(fig. 6 ) .  Before the  ini t ia t ion of a transient,  the  desired N, wae 
obtained by sett ing potentiometer Pl, and the loop  gain was obtained 
by set t ing potentiometer P2 ( f ig .  6). The switch i n  the  throt t le   c i r -  
cu i t   ( f ig .  6)  was then  closed which caused a ramp increase to be  imposed 
a t  the  adder c i rcui t .  The output of the ramp generator  continued to   in -  
crease until i ts  value was equal t o  battery  voltage E2 ( f ig .  6 ) .  The 
signal f'rom the ranp! generator  then remained a t  a constant  voltage E2. 
The sum of the ramp generator  output and level  setting  voltage was just  
enough t o  increase the f'uel flow t o  rated  value. The slope  of the ramp 
was varied by potentiometer Pg. Input signal, control-action  output, 
fuel-valve  position,  engine speed, and engine acceleration were recorded. 

% 
Q, 
F 

RESULTS AMD DISCUSSION 

Open-Loop Characteristics 

The open-loop characteristics of a control are Fmportant in  that 
the magnitude of the response a t  the 180° phase sh i f t  point  indicates 
the s"&bility  of the system and the magnitude of the response a t  zero 
frequency  determines the  abi l i ty  of the  control  to eliminate steady- 
s ta te   errors  or droops. In  order t o  evaluate  these  characteristics, 
the  control loop was opened a t  point A ( f ig .  2 )  and a fl-equency re- 
sponse was run on the system. A sine wave input signal was canrpared 
with  the  control  action  output. . . .  . . . - . . . . . . - . . . - . .. . " 

The open loop responses of the va,rigus..s-b.emg6 used a r e  shown in- .  
figure 8. No  experimental data was used for figure 8, which was drawn 
using the straight line approximations .o f  equations. (4) t o  (6), loop 
gain  values fiom figure 7, and engine  time  constants from figure 5(b). 
The purpose of this plot is  to   i l l u s t r a t e  the open-loop characteristics 
over a wide range of frequencies. The.  frequency band used in   the ex- 
perimental frequency  response is  shown by the  dotted lines on figure 8. 
The conditions of a P2 of 0.4, Icp of 0.4, and Ti of 0.25 were used 
in  plott ing  f igure 8 .  . . - . - - - . . -. - -. . . -. - . - .- 

"" 

As shown in  f igure 8, integral  and proportional-plus-integral con- 
trol   actions show identical responses t o  1.6 cycles  per second. A t  1 . 6  
cycles  per second, t he   f i l t e r  began t o  attenuate the integral  contro1, 
while the lead term of the  proportional-plus-integral  control  action 
cancelled the f i l t e r  dynamics.  These  dynamics will cancel only when 
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TiKP and Tf are e q d  in equation ( 5 ) .  A t  63 percent  rated speed, 
the  response of both  controls  are flat t o  0.0091 cycle  per second where 
the  break  camed by the engine  time  constant  occurs. A t  0.25 cycle per 
second, the response has been  reduced by a factor of 25. The open-loop 
characteristics of the integral  and the proportional-plus-integral con- 
t r o l s  are generally  desirable  in that the response is quite  large a t  
zero  frequency and the  attenuation a t  higher  frequencies aids s tab i l i ty .  

- 

Amplitude response of integral  asd proportional-plus-integral con- 
t r o l s  a t  75 percent  rated speed is  also plotted on figure 8 to   i l l u s -  
trate how the peak in figure  5(c) could create a s t ab i l i t y  problem. The 
response a t  75 percent  rated speed is greater than it was a t  63  percent 
rated speed for a l l  frequencies above 0.02 cycle per second. If 180° 
phase shift occurred. at,  say, 1.5 cycles  per second a t  both  speeds,  then 
figure 8 indicates the control would be  stable at  63 percent rated speed 
and unstable at 75 percent speed.. 

2d 
0 The response of proportional  control  action  for 63 percent  rated 
8 -  speed i s  also shown Fn figure 8. The open-loop characteristics of this 
N control  are  undesirable i n  that the response a t  zero frequency i s  zero 
0 -  as the proportioIial-plus-integral or integral  control  actions.  This u I and the response a t  higher frewencies does not attenuate  nearly as w e l l  

poor attenuation i n  conjunction with the dead time of the engine creates 
a s t ab i l i t y  problem. 

Nyquist plots  af the data taken from the exgerfmental flrequency re- 
sponse are presented in  figure 9.  Figure 9(a) is the Nyquist plot  f o r  
integral  control  action  taken  at 63 percent  rated speed. The 180° phase 
shift   point is reached. at about 1.5 cycles  per second and the  control is 
stable. In  figure 9(b) , a Nyquist plot  is presented  for a proportional- 
plus-integral  control  action,  with a I$ of 0.4 also at 63 percent  rated 
speed. Here the 180° phase shift point is not  reached until about 3.5 
cycles  per second which gives figure 9(b) a greater phase margin than 
figure 9(a). Hence, adding proportional gain to   the  integral control 
apparently -roves i ts  s tab i l i ty .  

It is  interest ing  to   note   the  effect  of the dead time on the N y q u i s t  
plots of fi@;ure 9. In figure 9(a), 22O of the 180° phase shift a t  1.5 
cycles  per second is due to   the  dead time, whereas in figure 9(b), 53O 
of the 180° at 3.5 cycles  per second are fram this source. If this dead 
t h e  were not  present,  higher d u e s  of loop gain could  be  used a t h o u t  
encountering instability. 
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Closed-Loop (;?laracteristics 
., 

Stabili ty.  - The control  loop was closed and the s tab i l i ty  charac- 
t e r i s t i c s  of  various  control  actions were investigated.  Control  actions 
were set up and loop gain was increased on succeeding s?1p1s.uzltil the 
s tab i l i ty  limit was reached. The dotted  line in figure 10 represents 
the s tab i l i ty  limit evaluated i n  t h i s  fashion.  Points flrm integral 
control  action are along the abscissa, those  for  proportional  action 
along the ordinate and a l l  points  for  proportional-plus-integral cam- Err 

binations l i e  i n  between. 

. .. 

cc 
m, 
P 

In order t o  more  clearly define i t s  shape, the s tab i l i ty  limit was 
also evaluated analytically. This limit is shown as the solid  l ine on 
figure 10. The s tab i l i ty  limit was calculated 'try assuming a control 
canbination and solving for the ftrequency that would produce 180' phase 
shift i n  the open loop. Using this frequency, the value of P2 W&S es-  
tablished that would produce a gain of unity i n  the open loop. Gains 
and t i m e  constants  for this analysis were  taken a t  75 percent  rated 
speed. 

The bend i n  the s tab i l i ty  limit as it nears the abscissa. i s  sig- 
n i f ican t   in  figure 10. This would indicate that an integral control, 
unstable by itself, could be stabilized by the addition of the  proper 
amount of effective  proportional  gain. Some elrperimental runs are 
shown t o  illustrate this point. 

A transient usfng integral-control  action with a T i  of  0.25 sec- 
ond and a P2 setting of 0.22 i s  shown i n  figure U(a) .  This w o u l d  put 
t h i s  run a t  18.2 on the  abscissa  in figure 10 and beyond the s tab i l i ty  
limit. As can be seen frcun figure l l ( a > ,  the control is unstable. The 
oscillations are dampened a t  about the 3-second mark because of large- 
slot dynamics, but  begin  again a f t e r  the 5.0-second point where the 
large-slot manifold has f i l led.  

A transient of  a control where the effective  integral  gain has been 
increased t o  20 and to which a proportional  gain of 2.0 has been added 
i s  shown i n  f i w e  l l ( b ) .  This combination i s  near the s tab i l i ty  limit 
as shown on figure 10, and the oscillations @re. far smaller and more 
confined  than  those of the integral  action on figure ll(a). If the pro- 
portional gain of figure l l ( b )  were reduced t o  about 1.5, the oscilla- 
tions should  disappear entirely.  

The s tab i l i ty  limit of proportional  control  action was d l f f icu l t  
to  evaluate  experimentally because  of the limiting of the f'uel  valve. 
The run shown in  figure 12  represents a proportianal  control  action 
with an  effective  proportional  gain of 7.5, .which i s  well beyond the 
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limit  shown on figure 10. The  initial  part of the N trace in figwe 
12 from 0 to  about 3.5 seconds  appears to be  stable  because  the me1 
valve  is striking its lower Umit and dampening  the  oscillations.  This 
problem was not  encountered  with  the  integral  or  proportional-plus- 
integral  actions  because  less  60-cycle  noise was passed  by  the  control. 
The  proportional  control  action was the only control  action  tested  that 
was sa hampered  by  the  noise  problem. 

a 

Eo Droq  and  overshoot. - An oscillograph  recording  of a controlled 
M The  transient  is  initiated  by a ramp input  signal  of  2-second  duration 

engine  transient  using  integral  control  action  is  shown  in  figure 13. 

which  increases  fuel  flow  and  causes  the  engine  to  accelerate.  When  the 
acceleration  reaches  the  scheduled  value,  at  about  the  0.4-second  point, 
the  control  is  sKTtched  in  and  begins  to  subtract fuel. In figure 13, 
however,  the  control  cannot  subtract f" quickly enough and accelera- 
t ion overshoots  its  desired  value  (0.5-second  point).  After a few os- 
cillations,  acceleration  settles  to a steady  value  that  is  above  the 
desired  level. This error, which lies  between  the 1.0- and  2.0-second 

enough  to  contend  with  the  ramp  input signal. This error will be  re- 
ferred  to  as droop A .  

I points on figure 13, is  caused  by  the  control  not  subtracting  fuel  fast 

- 
After  the ramp input  signal has reached  the  preset limit, the  con- 

trol  must now add  fie1  to maintain the desired  acceleration.  The  con- 
stant  error  that  occurs  between 3.4 and 4.6 seconds on figure 13 occurs 
because  the  control  cannot  add  fuel  quickly  enough to maintain  desired 
acceleration  level. This error will be  referred to as  droop B. At  the 
5.2-second  point,  the  large-slot  manifold  of  the  fuel system begins  to 
supply  fuel  and a large  overshoot  occurs. The control  then  subtracts 
fuel  in  an  attempt to correct  this  overshoot.  After  the  large-slot 
overshoot  takes  place,  acceleration  again  falls and the  control  now 
adds  fuel  to  maintain  desired  level.  Another error occurs around 7 .O 
seconds.  This  error,  which  is  below  the  desired  level, will be  called 
droop C. When  the  control  output  reaches  zero (8.1 seconds),  the  can- 
trol is switched  out  and  the  engine  returns  to  steady-state  operation. 

High-frequency  noise fim the  acceleration  trace  is  filtered  by 
the  integral  control  and  does  not appear on the  control-output  or  fuel- 
valve  position  traces.  The  fuel-valve  position  trace, a c h  is  indica- 
tive  of  fuel  flow,  is  the  algebraic sum of  the  input-signal and control- 
output  traces. 

An uncontrolled  transient is shown Fn figure 14(a). With a 2- 
s second  ramp  input  signal,  the  acceleration  increased  to nearly twice 

the  value  that was later  used  as a schedule,  and  two  cycles  of  surge 
were  encountered  when  the  large-slot  manifold  began  supplying  f'uel. 

the  acceleration  unsuccessful. 
- Fuel  flow  had  to  be  cut  back  when  the  surge was encountered making 
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A controlled  transient  operated  with  integyal  control  action  is 
presented in figure  14(b). The initial  overshoot was held t o  about 61 
percent  over  set val9g. It  is  apgarent  that the acceleration  is now 
maintained  much  closer  to  the  set  value  than  it was in  figure  14(a) 
without  the  control  and no surge was encountered. 

A transient  using  proportional-plus-integral  cpntrol  action  is 
shown in figure 14(c). Initial  overshoot has almost  disappeared,  the 
set  level  is  maintained  still  more  closely and the  large-slot  overshoot 
has  been  greatly  reduced.  However,  the  proportional  part of the  control 
action  passes high frequencies and the  noise f r o m  t he  acceleration  now 
appears on the  control-output  and  f'uel-valve  position  traces.  Note that 
the  amplitude level of the  noise on the  fuel-valve  position  trace  is 
larger  than  that on the  control-output  trace. This is  because  the noise 
frequency (60 cps)  corresponds  to  the  resonant  point  of  the  fie1 valve 
(ref. 5).  

is, 

Figure 14(d) represents a controlled run using  pure  proportional 
action.  Here  again,  the  noise  appears  on  the  control-output  and  f'uel-. 
valve  position  traces. In this  control  scheme, no initial overshoot is 
encountered,  but  the  acceleration  is  not  maintained as ciose  to  the de- 
sired  level  as in the  previous  schemes. - 

b 

Droop: The  nature of the droops encountered in the controlled 
transients  is  shown in figures l3 and 14. TheEie  droops  were  investi- 
gated  analytically  and  then  experimental fiats. were  compared  with  the 
analytical  findings. 

Equations describing droops A, B, and C using  proportional-plus- 
integral  control  action are derived  in  the  appendix and are  as follows: 

Proportianal  gain 5 of  the  proportional-plus-integral  control 
does  not  appear  in  equations  (A4) and (A5) and loop  gain G2, given  in 
figure 7 ,  has been  shown  to  be  the  same for integral and proportional 
control  actions.  Therefore, droop equations (A4) and (A5) hold for in- 
tegral as well  as  proportional-plus-integral control actions. This 
means  that  both controls operating  at  the  same speed with  the sane in" 
tegrator  time  constant and the  same Pz setting will have identical 
droop characteristics. 
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A plot  of  experimental data taken  by  starting  with  integral  control - action  and adding proportional gain is  presented  in  figure E. Data 
points  for  droop A were  taken  at  one  constant  speed,  those  for  droop C 
at  another.  Here, droops A and C can  be  seen to be identical for the 
integral  control  and  various  proportional-plus-integral  cmbinatians 
tested.  Droop €3 was not plotted,  as Wge-slot dynamics  interfered 
with  its  evaluation. 

(D Eqgations (A4) and (AS) ind.i.cate  that  the  magnitude and direction 
2 of droop A is  dependent on the  rate of the *ut-signal  term Cl, where- rn as  droops B and C are  independent of this term.  Figure 16 shows  that 

droop C remaFzls  constant  with chnges in ramp  input  signalrate,  whereas 
droop A varies  greatly. In a practical  control  system,  droop A can  be 
limited  by  limiting  the  rate  at “ch the “ut signal is applied. 

Droops A, B, and C were  calculated fkm equations (A4) and (A5) and 
canrpared  with  experimental values i n  figure 17. This plot,  where droop 
is  presented  against  loop  gain, again holds  for  integral or proportional- 

speed so that loop gain  varies  uith P2 setting only.  Figure 17 indi- 
cates  close  correlation  between  calculated and experimental  results  for 
droops A and C and a lso  shows  the  effect of loop gain on droop. Poor , 

correlation  occurs fo r  droop B because  the  large-slot  manifold  begins 
filling  at  this  point which diverts  Fuel from the  engine  and  reduces 
acceleration. How much flrel goes to filling  the  manifold was not laom 
and  could  not  be  considered  in  the  calculations.  These  large-slot dy- 
namics  are  not  genera-  encountered on turbojets. 

I plus-integral  actions. Each droop was again  evaluated  at a constant 

- 

From figure 1 7  it  can  be  concluded  that in general, droop can be 
accurately  predicted and can also be  reduced  by  increasing loop gain 
in proportional-plus-integral  and fntepal systems. 

Droop  characteristics  of  proportional  control  action  were inrpos- 
sible  to  evaluate  experhentally.  Substituting  values in equation (A7) 
of  the  appendix  would  indicate droop A for  proportional  control  action  to 
be  extremely  large,  about 7000 revolutions  per  minute  per  second  for  ‘the 
conditions  of  figure  14(d}.  Acceleration in figure l4(d) is  still  in- 
creasing  when  the ramp input signal reaches  its  limit, making it Fnrpos- 
sible to  evaluate droop A .  Droop A is the  most  important of the droops 
since  it  is  in  the  direction  af an overshoot.  The  large  droop A shown 
by  the  proportional  control w o u l d  make  it  unsatisfactory  for an accel- 
eration  control. 

- Droops B and C for  proportional  control  action  are  meaningless. 
Both of these droops are in the  direction of an undershoot and the 
proportional  control  action  being a limiter only is  switched  out  when - e w e  acceleration  is  below  the  scheduled  value. 
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Overshoot:  It  is  desirable  to  hold  the  overshoot of acceleration 
to a minimmu on this  schedule-type  controller. If a significant  oyer- 
shoot  persists i n  the  system,  the  schedule would have  ta  be  shifted 
away from the surge l i ne  which  would  reduce  the  effectivenss of the 
control. 

As shown  on figure 13, two  overshoots  were  encountered on each 
transient,  one where the  control  first  begins  its  action and another 
where  the  Large-slot  manifold  begins  to  supply  fuel. An analysis  of 
overshoot  with this  particular  system  would  prove m t e  difficult  be- 
cause  of  the  initial  conditions  present  when  the  control  is  switched 
into  operation. All data to be presented  here is, therefore,  experi- 
mental.  Control  parameters  were  varied and their  effect on overshoot 
noted. 

A plot was made to  show  the  effect  of increasing loop  gain on the 
initial  overshoot  for an integral  and a proportional-plus-integral  cam- 
bination (IC, = 1.0). Figure 18 indicates  that an increase  in loop gain 
f’ram 40 to 190 reduced  the  initial  overshoot  of  the  integral  control  ac- 
tion  about 20 percent, and about 30 percent for the  proportional-plus- 
integral. Also, f’ram figure 18, the  proportional-plus-integral  control 
shows  about 20 percent  less  overshoot  at  all 10- gains than the  inte- 
gral control. . .  . . . . . . . . . .  

Loop gain of  the  same  integral and proportiom+l-plus-integral ac- 
tions was then  held  constant  and  the  effect  of  the  rate of ransp input 
signal on initial  overshoot was studied.  The  overshoot  increases  when 
faster  ramps w e  used as shown in figure 19. Here  again, a practical 
control  system  must  limit the rate  of Input signal. On figure 19, the 
proportional-plus-integral  control  again shows less  initial  Overshoot 
than  the  integral  control. c .. 

Overshoot  caused  by  large-slot  dynamics was quite  clear from the 
data and could be accurately  evaluated. A clearer  picture of the ef- 
fect  of  control  parameters on overshoot may be had  here  because  the 
control has a7ready been  switched  into  operation when the  large-slot 
overshoot  occurs,  thus  eliminating  the  effect of any switching: dynam- 
ics or initial  conditions. 

The effect  of  increasing proportional gain with proportional-plus- 
integral  and proportional  control  actions on large-slot  overshoot  is 
shown  in  figure 20. StartLng with integral  control.  action,  the large- 
slot  overshoot was reduced  about 23 percent by the  addition of 1.4 pro- 
portional  gain as indicated  by  the  top  curve on figure 20. 

Proportional  actfon  showed a greater  reduction  by  lowering  the 
overshoot 42 percent for  an increase in proportional gain from 0.1 
to 1.3. 
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The  overshoot  characteristics of proportional  action  are  the  most - desirable in that 110 lnitial  overshoot was noted,  whereas  large-slot 
overshoot c d d  be  substantially  reduced.  Integral  control  action 
showed  the  least  desirable  overshoot  chaxacteristics. 

CONCLUSIONS 

An investigation was made  to  study  the  dynamic  characteristics  and 
operat-  problems  associated  wtth a schedule-type  control using di- 
rectly  measured  acceleration 86 the  control signal. 

The  control  scheme  investigated  operated  quite well when  integral 
or proportional-plus-integral control  actions  were  used and was unsat- 
isfactory  for  proportional  control  action. 

With  integral or proportional-plus-integral control  actions  the 
control  limited and regulated  acceleration.  Noise f’raan the  accelera- 

interfere  with  either  the  integral  or proportional-plus-integral 
schemes.  Both  controls  showed  identical droop characteristics  that 

accurately  predicted. The proportional-plus-integral control,  how- 
ever,  showed  less  overshoot and showed the  ability to remsin  stable 
at  higher loap gains than  the  integral  scheme,  when  the  proper  control 
gains  were  utilized. 

.r tion  signal was filtered  by  the  integral  control  action  and  did  not 

7 
3 -  would  not  seriously  affect  the  accuracy of the  controls and could  be 3 

With  proportional  control  action,  the  control  acted only as a 
limiter.  Noise from the acceleration signal interfered with the op- 
eration of the  fuel mlve, and the  control scheme showed  poor  droop 
characteristics. 

A practical  control  could  be  made f ’ r a n  t h i s  scheme that  would  use 
proportional-plus-integral control  action, an acceleration  schedule 
that m i e s  properly  with  speed,  and a limiter  to Umit the  rate  at 
which  the  input signal could  be  applied. A temperature  override may 
also  be  necessary. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Ccanmittee  for  Aeronautics 

Cleveland,  Ohio, March 29, 1956 - 
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APPEXDIX - E Q W I O N S  OF WOOP 

Referring t o  figure 2 and. using the appropriate  transfer  functions, 
closed-loop error response i s  a Function of both input signal and 
inputs and can be written as, 

Assuming proportianal-plus-integral control action, a ramp Fnput 
signal of C l t  and a step of C2 for N,, equation (Al) can be re- 
written as 

Error 

Droop A occurs while the rarnp input signal is being Fmposed and 
a f t e r  initial transients have subsided. The final value of equation 
(A2) therefore  defines droop A .  In order to find this expression, 
equation (A21 is multiplied by 6, and then s is  allowed t o  approach 
zero. 

K l v i 3 K e I C r c l  Kzc2 
p2 p2 

- -  
Droop A pf 

I f  % % W d K l  
PZTi 

Subst i tuthg the expression  for loop gain of proportional-plus- 
integral control-action from equation (4) in to  equation (A3 1 yields 
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Droop B occurs after the rsmp input signal has reached its preset 
limit. Under this condition,  the Lnput signal can be  thought of as a 
step. The effects of a step in input signal will disappear in the f i -  
nal value. 

K2CZ 
" 

P9 

Droop C i s  also described by equation (A51 and will a f f e r  only i n  
the  value of the loop gain tern. 

Since the  proportional gain % does not  appear i n  equations (A4) 
and (AS), these  expressions  also hold for  integral  control  action. 

If the control is taken as pure  proportional,  equation (A2) can be 
written as 

Error 3 

The final value of equation (A6) will be droop A and is written as 
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(a) Variation of compressor-discharge pressure  with  engine  speed. 

Figure 1. - Operating margin of a turbojet engine i n  terms of compressor- 
discharge preasure and acceleration at sea level.  
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(b) Variation of engine acceleration margin with englne  speed. 

Figure 1. - Concluded. Operating margin of a turbojet englne i n  terms of 
compressor-discharge pressure and acceleratbn a t  sea level. 
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Figure 2. - Block tilagram of control loop. 

N w 



.. . .. . . . .  . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

I 
Fuel In 

r T n r o t t l e  r n ro t t l e  servomotor 

I 
Accmulat.or Control 

unit - 

arge-elot nozzle 

Flow 
aivider Small-elot nozzle 

Figure 3 .  - Fuel system. 

I 

Input 

9'166 



. .  LU -4 
.. . . .  . . .  . . .   . -  

SYlti' ' ' ' ' 

I I I I 

. .  



26 Iy NACA RM E56C07 

( E )  Variation of engine gain with speed. 

Figure 5.  - Engine characteristics. 
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(b) Variation of engine time constant with engine  speed. 

Figure 5. - Continued. -ne charac te r i s t ics .  
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Potentiometer P2 setting 

F igure  7 .  - Variation of loop gain with  potent€ometer P2 setting shaxing l ines  Of constant 
engine  speed  for  integral and proportional-plus-integral  control  e.ctiona. 
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(a) Integral   control act ion  at 63 percent rated speed. 

Figure 9. - Open-loop characteristics of control system. Potentiometer 
P2 setting, 0.4.  
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(b) P r o p o r t i o n a l - p l u s - i n t e g r a l   c o n t r o l   a c t i o n  at 63 percel l t  rated speed. 

F i g u r e  9 .  - Concluded. Open-loop characteristics of control system. 
Poten t iometer  P2 setting, 0.4. 
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Flgure 10. - Stability llmlt at 75 percent rated meed of p r o ~ ~ r t i o n a l ,  proportional plus In tegra l  and 
integral con tml  syateme. 
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(a) rntegcaI control aotlm begoad stability l m t .  Eifeut ive in tegml  gain, 18.2. 

F i w e  11. - Controlled engine translnnts. 
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Figure  12. - Uns-ble run of proportional control action.  Proportional  galn, 9.0; potentiometer Pg 
setting, 0 .4 .  
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(a) Uncontrolled engine. 

Figure 14. - TJrpical transients. 
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Tlma, m e 0  

( b )  Integral oontrol   nation.   Potantimeter P p  setting, 0.4. 

53gura 14. - Cmtlnuml. 'fgploal traneients. 
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Figure  16. - Effect of rate of ramp input signal 011 droop. .. 
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Figure 18. - Effect of loop gain on overshoot for  integral and proportional-plus-integral  control  actlon. 
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Figure 20. - ECfect of proportional gain on overshoot. Input signal raorp, 2 eeconds; potentiometer P2 
E & t i R &  0.4. 
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